GaN field-effect transistors (FET) have low conduction and switching losses in high-frequency (>MHz) resonant wireless power transfer systems. Nevertheless, such systems impose a unique stress on GaN FETs owing to their non-ideal voltage waveforms. In this work, we report the observed non-ideal behavior in a 6.78 MHz magnetic resonant wireless transfer system that employs class-D GaN power amplifiers. The non-ideal waveform phenomenon existing at the output of the power amplifier is explained. The study analyzes the causes of this phenomenon, including the coupling coefficient k of the coil, the DC input voltage of the amplifier, and the load on the receiver. Each parameter is simulated and analyzed using LTspice. The influence of the phenomenon on the on-state resistance of the GaN device is proved in an experimental measurement, and the cause of the phenomenon is explained.
Introduction1
Wireless power transfer, an important trend in power transfer technology, transmits power wirelessly and has unique advantages as compared to the traditional power transfer methods. The technology is promising for applications in consumer electronics, electric vehicles, medical devices, and in some special situations such as underwater applications [1] [2] [3] [4] [5] . Currently, the most commonly used wireless transfer standard is "Qi", an inductive power transfer (IPT). The Qi-based wireless transfer system operates at frequencies usually ranging from 100 to 300 kHz. This system only allows the charging of a single device, which needs to be placed very close to the charger in a specific orientation. Compared with the inductive power transfer, the magnetic resonant wireless power transfer technology combines the resonance schemes, which improves not only the energy transmission distance, but also the energy transmission efficiency [6] [7] [8] . In addition, unlike the microwave, the magnetic resonant wireless power transfer technology does not cause harm to the human body. Only resonators with the same resonant frequency may be affected. As an active area of research on wireless power transfer, the magnetic coupling resonant wireless energy transmission technology has excellent transmission efficiency and long transmission distance. The A4WP standard operating at 6.78 MHz can well address the problems of transfer systems, enabling liberation of distance and direction, and the convenience of a transmitting coil to multiple receiving coils [9] . In addition, with the introduction of the zero voltage switching (ZVS) technology into operation, the voltage and current waveforms of the transistors do not overlap in switching transients, thus reducing switching loss and improving efficiency. In addition, the gallium nitride (GaN) power devices, the newly emerged semiconductors with faster switching speed and lower on-state resistance, outperform their Si counterparts, thus improving the efficiency at the A4WP standard operating frequency of 6.78 MHz.
The superior material properties of GaN, such as high breakdown field, high electron mobility, and high electron saturation velocity, facilitate GaN-based devices with high voltage rating, small size, and faster switching speed. Consequentially, GaN-based power electronics systems can outperform the silicon-and GaAs-based systems in high temperature, high voltage, and high frequency applications [10] [11] [12] [13] .
By utilizing the ZVS technology in a GaN power transistor-based wireless power transfer system, the overall power loss of the system at high-frequency operation can be further reduced, leading to further improved overall system efficiency. However, concerning the high-voltage and fast switching operation required for power electronics applications, the increment in dynamic on-resistance has emerged as the critical issue, which represents a vital challenge for GaN researchers. Especially for high-voltage and high-frequency applications, to reduce the energy loss and improve the system transfer efficiency, a low and stable dynamic on-resistance after the transient from off-state to on-state is critical. Currently, research on Rds(on) is still under development. Ref. [14] used the incorporation technology of multiple field plates to make a GaN device with a high breakdown voltage of 1 200 V and low dynamic ON-resistance at high-voltage operation. In Ref. [15] , different carbon doping profiles in the epi layers were explored, which in turn resulted in lower dynamic Ron. The work in Ref. [16] proposed a voltage clamping circuit to extract the dynamic on-state resistance of GaN HEMTs.
In the testing of a GaN-based magnetic resonant wireless power transfer system, however, it was found that the magnetic resonance mode of operation will create a different voltage pressure to the GaN device owing to the change in the operating conditions of the system, which will cause the GaN device to deviate from its ideal working state. At present, studies on GaN devices and the GaN-based magnetic resonant wireless power transfer system have been properly conducted [17] [18] [19] [20] . However, investigation on the reliability of GaN devices in real applications is still under development. This study investigates the problems of GaN devices in actual working conditions of magnetic resonance wireless power supply systems and presents a proposed solution. In Section 2, a GaN magnetic resonant wireless power transfer system is designed and tested. Then, in Section 3, the non-ideal waveform phenomenon in the output of the power amplifier of the system is uncovered, and the mechanism of this phenomenon is explained. The main causes of the non-ideal waveform are discussed and analyzed through a simulation in Section 4, while Section 5 proves these causes through experimental tests. Section 6 concludes the paper.
Testing of GaN-based magnetic resonant wireless transfer system
As shown in Fig. 1 , a GaN-based wireless power transfer testing system was built. The system includes three main parts: power amplifier board, transmitting coil, and receiving coil. Fig. 2 illustrates the schematic diagram of the wireless power transfer system. The system has DC input power, which is converted to AC by the half-bridge inverter, and then the energy is transmitted in the form of an electromagnetic field through the transmitting coil. The transmitting and receiving coils of the system are connected by means of a resonant coupling to realize energy transmission. Finally, the energy is dissipated in the load of the receiving end. The power amplifier part of the wireless power transfer system is a class-D one with ZVS mode. The circuit mainly consists of three parts: Half bridge switching inverter (Q1, Q2), ZVS tank circuit (Lzvs, Czvs), and resonant load (Zload, Cs). The resonant load is regulated by the Cs. In addition, the Cs can also block the DC voltage from the amplifier output. The Zload represents the equivalent impedance of the entire coil, including coil coupling, device matching, and DC load impedance.
With respect to the driving scheme, LM5113 is selected as the system's GaN half-bridge driver, which can provide the driving frequency of 6.78 MHz. The input signals of the driver is a pair of complementary PWM signals, which are originally generated by a crystal oscillator or a signal generator. Then, an RC delay circuit is used to adjust the input PWM signals of the driver. Thus, the deadtime of the complementary signals can be controlled, and a simultaneous conduction of Q1 and Q2 can be effectively avoided. In addition, the PCB copper trace from the driver output to the gate of Q1 and Q2 is designed to be as short and wide as possible to avoid introducing unnecessary parasitic oscillations. Besides, it is found that, compared with the coil wound by Litz wire, the coil made by PCB can have a lower equivalent resistance at a high frequency and higher coil quality factor. Therefore, the transmitter and receiver coils are designed using the same shape and circuit parameters (resonant inductance is 3.52 μH, resonant capacitor is 157 pF, and they are wound by PCB in a plane spiral shape). The test setup is demonstrated in Fig. 3 . DC power supply, oscilloscope, DC electronic load, and multimeter are needed in the experiment. The oscilloscope is mainly used to observe the output voltage waveform of the amplifier, and the id waveform of Q1 and Q2 can be obtained with the current probe. The DC electronic load is used as the output load of system. In this way, the output power of the system can be quickly known. Fig. 4 , When the current is zero, the GaN transistor is turned off, and the voltage across the drain and source is the input voltage. After v ds becomes zero, the device turns on, and the i ds current begins to increase. As indicated by the waveforms, the ZVS technology can avoid overlapping of the voltage and current waveforms of the power device during the switching transients.
Thereby, it can effectively reduce the power loss of the device and improve the efficiency of the overall system [21] . 
Causes of non-ideal waveforms
To investigate the non-ideal phenomena in the GaN ZVS Class D output waveform above, a circuit analysis through the LTspice simulation software, was performed. The main cause of the non-ideal waveform at the output is the increase in the Rds(on) of the GaN power device. When a DC input power is added to the system, and the system has no receiver, or the power received by the receiver is low, the transmitting coil cannot fully transmit the input power. As a result, a majority of the power is dissipated in the high-frequency resistance of the coil, loop resistance of the system, and the Rds(on) of GaN power devices. The influence of on-state resistance of the GaN power device is the most severe in these three parts as it varies more than the others and its absolute value is the greatest. Fig. 6 [22] shows the relationship of the GaN device Rds(on) and device temperature under the testing conditions of V gs = 5 V and I d = 2 A. The curve shows that under normal working conditions, as the device temperature increases, Rds(on) of the device also increases. When the device temperature reaches 150 ℃, the Rds(on) is approximately 1.9 times that at room temperature, the value of which is approximately 390 mΩ.
It was also found that, apart from the temperature, the input DC voltage, coil spacing, and load at the receiver also affected the variation of Rds(on) of the device. These factors will be further studied in the next section.
As for the working environment of the GaN power device in the wireless power transfer system, the working mode of the transmitting coil circuit is at resonant state, the inductance and capacitance on the coil do not consume energy, the inductive reactance and capacitive reactance counteract each other, the total reactance of the loop is basically zero, and the corresponding resonant current reaches its peak value. When the system continues to gain DC input power, and the transmitting coil cannot fully transmit the power in the system, the resonant strength of the transmitting loop will increase, causing the resonant current to increase rapidly. This further increases the power dissipation on the coil resistance, loop resistance, and Rds(on) of the GaN power devices.
The specific manifestation of the power dissipation of power devices is shown in Fig. 7 . The non-ideal waveform at the output of the power amplifier is a distortion of the square wave ( Fig. 7 , curve A). When the output is a low level, the high side transistor (Q1) is off and the low side transistor (Q2) is on. During this interval, current conducts in the channel of the Q2. Ideally, the conduction voltage of the lower transistor should be as low as zero because the GaN device has an on-state resistance of 390 mΩ at room temperature. However, the voltage waveform shows a non-ideal phenomenon of distortion in actual operation. We multiply the conduction voltage and current to obtain the corresponding dissipated power (Fig. 7 , curve C). We find that the power is also a distortion waveform, and its position is consistent with the distortion position of the low voltage level. In addition, we analyze the power of the high side transistor and find the same phenomenon, that is, during the conduction of the Q1, the Rds(on) of the Q1 also has power dissipation ( Fig. 7, curve B) , and the position of power dissipation is also consistent with the position of high voltage level. As shown in Fig. 8 , the curves include the v ds , i ds , and corresponding Rds(on) calculation waveform of the power device when the DC input voltage of the system is 20 V and the receiving coil is removed. As the output capacitance of the transistor is pF level, its capacitive reactance is much larger than that of the Ignoring the wrong point of the peak data of the curve, the curve of Rds(on) was measured and the value reaches 844 mΩ, which greater than twice the value of the normal operation at room temperature. Under this working condition, the device sustains a large conduction current, and when the Rds(on) of the device is increased, the dissipated power of the device increases naturally.
As the power dissipation of Rds(on) increases, the temperature of the power device will rise further as the working time is longer, and the increase in device temperature again leads to the increase in Rds(on) of the transistor. As a result, Rds(on) of the GaN device increases and the device temperature rises continually, leading to failure or even damage to the performance of the device (thermal runaway). In addition, in the actual test process, it was also found that the non-ideal waveform at the output is not only the distortion of the waveform, but also the oscillation that should not occur. It is believed that the current surge in the loop amplifies the parasitic oscillations that were not noticed in the loop. The focus of this study is to investigate the effects of power dissipation in the non-ideal waveforms. Hence, the output oscillations will not be further elaborated.
Simulation and analysis of related factors affecting non-ideal waveforms
In the previous simulation and analysis of the mechanism of non-ideal waveforms, it was concluded that the formation of the non-ideal waveform at the output of the power amplifier is due to the increase in the Rds(on) of the GaN device. To explore the specific conditions that affect the Rds(on) of the device, i.e., the specific factors affecting the non-ideal waveform of the output of the power amplifier, LTspice is used to simulate the wireless power transfer system. It is found that the Rds(on) of the GaN power device in a wireless power transfer system is closely related to the multiple conditions of the system: coupling coefficient k of the coil, DC input voltage of the power amplifier, and load at the receiver.
Influence of the coupling coefficient k
The coupling coefficient k is a parameter used to characterize the degree of coupling between the two coupled coils, as follows 12 
where M is the mutual inductance of the transmitting coil and the receiving coil, expressed as 22
where μ 0 is the vacuum permeability, r 1 and r 2 are the radii of the transmission coil, N 1 and N 2 are the turns of the transmission coil, and D is the pitch of the transmission coil. According to Eqs. (1) and (2), the coupling coefficient k is affected by the surrounding magnetic medium, the relative position of the coil and the structure of the two coils. When the coil structure and the surrounding magnetic medium are fixed, the mutual inductance M value changes with the relative position of the two coils, and so does the coupling coefficient of the coil. As the relative distance of the coils increases, the coupling coefficient k of the two coils will continue to decrease until the coil is removed, and k tends to zero. Fig. 9 shows the effect of the coupling coefficient k on the waveform. The DC input voltage of the power amplifier is set to 20 V, and the load of the system receiver is fixed as 20 Ω. The output waveform of the power amplifier is measured by the change in the coupling coefficient k between the coils. The variation in the power amplifier output voltage with respect to different values of k is shown in Fig. 10 .
As can be observed in Fig. 9 and Fig. 10 , when k is less than 0.05, the value of the effective output voltage of the power amplifier decreases with the decrease in k, and the voltage waveform begins to become distorted. This indicates that when the transmission distance is greater than a certain value, it is more difficult for the receiving coil to receive the energy emitted by the transmitting coil as the distance increases, resulting in a lower load voltage at the receiver until it reaches zero. At the same time, the energy of the transmitting coil is more difficult to emit, and the DC input power can only be used to increase the resonant intensity of the transmitting loop. The transmitter loop of harmonic voltage and harmonic current is increased, thereby increasing the device on-state resistance, leading to increased power dissipation in the device. The increment in power dissipation results in temperature rise of the device, which, in return, makes Rds(on) to rise continually. Besides, the voltage drop of v ds enlarges, reducing the output values of the power amplifier.
As shown in Fig. 11 , the voltage and current waveforms of the power devices are no longer the ideal ZVS mode ones since they are distorted. It can be observed in the simulation results that when the DC input power is 94 W, and the transistors are in the state where Q1 is on and Q2 is off, the value of v ds1 is no longer zero, and there is distortion in the waveform. The overlapping part has v ds1 = 6.26 Vrms and i ds1 = 7.26 Arms. In this special case, Q1 has a power loss of up to 45 W. Similarly, when Q1 is off and Q2 is on, v ds2 also has a waveform distortion, and the values of v ds2 = 6.15 Vrms and i ds2 = 7.18 Arms are measured in the overlapping part. The power dissipation of Q2 also reached 44 W. To summarize, according to the above analysis, when the device works, with the increase in coil spacing and on-state resistance of the switching devices, the energy imported into the transmitting circuit cannot be fully emitted. In addition to increasing the resonance intensity of the resonant circuit, most of the energy will finally be dissipated in the GaN transistors of the amplifier. If it is used for a long time without proper cooling measures, it is likely that the performance of the device would be degraded or even a malfunction of the power amplifier could be caused. Therefore, in the actual design or usage of a wireless power transfer system, attention should be paid to the situation when there is no receiving coil but still high power input.
Influence of drain voltage of GaN power amplifier
The influence of the amplifier's DC input voltage V amp on the waveform of the amplifier's output is further explored in this section. When the coupling coefficient k and the output load resistance of the system are fixed, then the output voltage waveform of the power amplifier varies with the different values of the DC input voltage, as shown in Fig. 12 . With the lower V amp , the output waveform of the power amplifier deviates from the ideal curve by a low amplitude. When the value of V amp increases, the output waveform of the power amplifier begins to distort and the output voltage becomes lower than its normal value. The voltage and current waveforms of the GaN power devices start to deviate from the ideal ZVS waveform. This causes distortion to occur, and the power dissipation of the power amplifier devices further increases. Through the analysis of the phenomenon, when the coil is at a certain critical transmission distance, the coupling between the coils is weak, and only limited energy can be transferred from the transmitting coil to the receiving coil. At this point, with DC input power increased, more energy will be used to increase the transmitting coil of resonance, which increases the conduction current stress and Rds(on) of the devices, and as a result of the final amplifier output waveform distortion, power devices to more power dissipation.
Influence of load resistance
The parametric study is also used to simulate the load resistance of the receiver of the system. When the load value increases from 5 Ω to 1 000 Ω, the corresponding output waveform begins to deviate from the ideal waveform slowly, as indicated in Fig. 13 . When the load of system reaches a relatively large value, the output voltage waveform of the power amplifier begins to be distorted. In actual application, the resonant voltage and current value of the loop are increased, which requires the device and the system of the power amplifier to withstand high voltage and current stress. Therefore, to avoid loss of the power amplifier and to prevent deviating the optimal working state of the system, care should be taken of the distortion phenomenon of the output waveform.
Verification of factors affecting the Rds(on) of GaN power devices
In Section 4, the factors influencing non-ideal waveforms were analyzed through a circuit simulation, and it was proved that the non-ideal waveform at the output is affected by factors such as the coupling coefficient k, DC input voltage of the amplifier, and the load at the receiver.
To further determine the factors affecting the Rds(on) of the device and the output waveform of the power amplifier, experimental measurements of the system were conducted to prove and demonstrate the analysis.
Measurement and verification of coupling coefficient k
It is indicated in Eqs. (1) and (2) that the coupling coefficient k is inversely proportional to the cubic of the coil spacing. Therefore, a parametric study was used by changing the spacing of a series of coils, so as to characterize the influence of coupling coefficient k on the Rds(on) of the device. To calculate the value of Rds(on), we used a Tektronics DPO2014B oscilloscope, combined with TPP0200 voltage probe and TCP2020 current probe, respectively, to obtain the output voltage waveform of the power amplifier and current waveform of Q1 and Q2 and calculated the corresponding Rds(on) value through voltage and current data. The device used in the test system is still EPC2107. The device's maximum Rds(on) at room temperature is 390 mΩ.
Taking Q2 as an example, the system was tested by taking a series of coil pitch values. As shown in Fig.  14, the input DC voltage is set as 15 V and the receiving load is fixed as 20 Ω. The figure shows the partial curve of Rds(on) at different power of the coil spacing. As can be observed in the curve, with the increase in coil spacing, the Rds(on) of the device presents an increasing trend. When the receiving coil is removed, the average Rds(on) of power devices even reached 2 133 mΩ, a value that is more than 5 times that at room temperature. Based on the experiment and the curve, it can be concluded that with the increase in coil spacing, the voltage amplitude and current amplitude of resonance increases, causing that the increment in current stress borne by the power device increases. The high conduction current of the device increases its on-state resistance and increases the conduction loss of the power device.
Measurement and verification of drain terminal voltage of GaN power amplifier
The effect of drain terminal voltage of the power amplifier on the Rds(on) of the power device was also proved through the output waveform of the power amplifier. In the test, the receiving coil was removed. As shown in Fig. 15 , with the increase in DC input voltage V amp , the waveform distortion at the output end of the power amplifier is more serious, and the voltage amplitude and current amplitude of resonance at the transmitter coil is higher. To study the effect of the input DC voltage on the Rds(on) of the power device, the coil spacing is set as 5 cm, and the load resistance is fixed as 20 Ω. Next, the input voltage was varied. The on-state resistance calculated by measuring the voltage and current data is as shown in Fig. 16 .
It can be seen from the figure that the Rds(on) of the device is significantly affected by the DC voltage at the drain terminal. In the cases of 8 V, 10 V, 12 V, and 15 V, the average values of Rds(on) are 1.513 Ω, 1.545 Ω, 1.647 Ω, and 2.162 Ω, respectively. As the DC voltage increases, the Rds(on) of the power transistor also increases, resulting in an increased conduction loss of the GaN transistors.
Measurement and verification of load resistance
The test results shown in Fig. 17 are obtained by varying the actual load resistance of the designed wireless power transfer system. In the test, the relative positions of the transmitter and receiver coils were maintained at a constant distance of 5 cm. The curve in the figure shows the relationship between the output voltage and the DC input voltage of the power amplifier measured by the GaN wireless power transfer system under different loads at the receiver. It was found that when the load resistance of the system is low, the receiving end can receive a large proportion of energy that is sent from the transmitter.
The output voltage of the power amplifier increases linearly with the increase in input voltage. As the load resistance of the receiving end increases, the coupling effect of the coil is weakened, and the transmitter fails to emit energy efficiently. As a result, most of the input power dissipates at the transmitting end and the output waveform of the power amplifier begins to become distorted. Then, we calculate the Rds(on) of the device by taking the loads of 20 Ω, 100 Ω, and 1 000 Ω. The result of the analysis is shown in Fig. 18 . When the load is 20 Ω, the maximum Rds(on) is 1.744 Ω, and when the load is changed to 100 Ω and 1 000 Ω, the corresponding maximum values of Rds(on) are 2.325 and 2.553 Ω, respectively. As the load at the receiving end increases, the Rds(on) of the device also shows an incremental trend, which leads to the increase in the conduction loss of the power device. The analysis indicates that as the load resistance of the receiving end increases and exceeds a certain value, the transmission efficiency of the system decreases, resulting in a decrease in the emission energy, which enlarges the voltage amplitude and current amplitude of resonance of the system. The voltage and current stress of Q1 and Q2 increase correspondingly, thus increasing the Rds(on) and conduction loss of the power device.
In summary, in the design and application of a GaN wireless power transfer system, attention should be paid to the influence of factors such as coil spacing, DC input voltage, and load resistance. To prevent the rise in temperature of the GaN power device, which degrades the performance of the device or even results in its failure, it is recommended to protect the GaN power device and the safety of the system by adding protection circuits such as voltage, current, and power limits to the system design. In addition, in practice, thermal management should be performed to avoid the destruction of the GaN device or loss of the optimal working state of the system owing to the rise in temperature.
Conclusions
In this work, the advantages of the GaN magnetic resonant wireless power transfer technology are introduced, and the topology of the core module Class D GaN power amplifier is first described. Then, a GaN magnetic resonant wireless power transfer system was designed and tested. The non-ideal waveform phenomenon in the output of the power amplifier in the GaN magnetic resonant wireless power transfer system was uncovered and possible solutions are proposed. The mechanism of this phenomenon was explained in detail. The main causes of this phenomenon, including the coupling coefficient k of the coil, the DC input voltage of the power amplifier, and the load at the receiving end, are analyzed. LTspice was used to simulate and analyze each influencing factor and uncover the reasons behind. Through experimental tests, it is proved that the increase in the DC input voltage V amp , the increase in the coil pitch, and the increase in load resistance at the receiving end all lead to an increase in the on-state resistance of the GaN device. Finally, the possible damages caused by this phenomenon on the device level are analyzed, including the degradation in the performance of the device and even its failure. When designing and using a GaN magnetic resonant wireless power transfer system, attention should be paid to the input power, coil spacing, and load value of the receiver to avoid a high power dissipation of the power device caused by strong resonance at the transmitting end, which leads to degradation of device performance and even its destruction. In addition, the thermal management for the power device should be properly introduced into the system, and voltage, current, and power limiting protection measures should be adopted for the resonant circuit to ensure that the power device and the circuit can operate as designed.
